During development cell types arise through the activation or repression of classes of specific genes. One hypothesis is that this phenomenon is realized by tissue-specific factors playing a role at the transcription level. Recently we have described a liver-specific nuclear protein, hepatocyte nuclear factor 1, that appears to be involved in the transcription of the fibrinogen and a1-antitrypsin genes. In this report we describe the purification of hepatocyte nuclear factor 1 and demonstrate that it interacts with essential promoter regions of many liver-specific genes, including albumin, a-fetoprotein, and transthyretin. This finding suggests that hepatocyte nuclear factor 1 could be one factor necessary for establishing the liver phenotype. We also show that this protein binds to the promoter of the surface-antigen gene of the hepatitis B virus, a virus characterized by a high degree of hepatotropism.
Transcription in eukaryotes involves the specific interaction of nuclear proteins with discrete DNA elements located in the promoter or enhancer region ofgenes (1, 2) . Promoter regions cover, generally, the 100-200 base pairs (bp) upstream of the cap site, whereas enhancers can be found at large distances in the 5' or 3' regions ofthe genes they regulate or even within them (1, 2) . In general, the full transcription activity of a gene implies the interaction between its promoter and enhancer(s) components through the various proteins they bind.
Some of the known DNA-binding proteins are restricted to a cell lineage (3) (4) (5) (6) (7) (8) (9) . They interact with DNA sequences necessary for tissue-specific activation or repression ofgenes and constitute at least a part of the machinery eukaryotes use to synthesize proteins in a particular cell type. Transcriptional analysis of several hepatic genes (albumin, a-fetoprotein, and transthyretin) has revealed the presence of liverspecific promoters and/or enhancers (8) (9) (10) (11) (12) (13) (14) (15) (16) . In several instances proteins binding to these regions have been described (8-10, 12, 17, 18) . Analyzing the transcription of the fibrinogen genes we have localized in the 13chain promoter a functional sequence that binds a liver-specific nuclear protein, hepatocyte nuclear factor 1 (HNF1) (8) . Because HNF1 also interacts with the gene for the a chain of fibrinogen and another liver-specific gene, a1-antitrypsin, we suggested that HNF1 could be involved in developmentally regulated gene expression in the liver (8) . The data presented here, which demonstrate that purified HNF1 interacts with a large family of hepatic genes, support this hypothesis.
MATERIALS AND METHODS UV Cross Linking. The UV cross-linking experiments were done essentially according to Chodosh et al. (19) . Seventy nanograms of a 28-bp double-strand oligomer, corresponding to the nucleotides -102 to -75 of the rat fibrinogen ,-chain gene promoter, were hybridized with 3 Ag of the complementary sequence 5'-TTTCCCTG-3'. By use of this primer the second strand was synthesized with the Klenow enzyme in the presence of 40 ACi of [a-32P]dATP (1 Ci = 37 GBq), 500 AM of bromodeoxyuridine, and 500 ILM of dCTP and dGTP. The full-length probe was purified on a 12% polyacrylamide gel, and 0.5 ng (50,000 cpm) were incubated with either 15 ,ug of a rat hepatoma cell line (Faza), liver nuclear extract, or 2 ,tg of heparin-Sepharose-purified liver extract for 45 min at room temperature. After 30 min of UV irradiation at room temperature with a Fotodyne UV transilluminator (A emission = 310 nm), the mixture was analyzed on an 8% sodium dodecyl sulfate (SDS)/polyacrylamide gel after reduction with 100 mM dithiothreitol. After fixation the gel was stained with Coomassie blue to visualize the molecular mass markers and autoradiographed.
Purification of HNF1. Crude rat liver nuclear extracts were prepared essentially as described (8) . Starting with 50 rats we usually obtained 2.5-3.5 g of nuclear proteins in 150 ml of buffer C100 [50 mM Hepes, pH 7.8/100 mM KCl/0.1 mM EDTA/1 mM dithiothreitol/1 mM phenylmethylsulfonyl fluoride/10% (vol/vol) glycerol]. The extract was applied to a 250-ml heparin-Sepharose column pre-equilibrated with buffer C100. The column was washed with 500 ml of buffer C100, and then the proteins were eluted with an 800-ml linear KCl gradient (100 ml/hr). Fractions of 4 ml were collected and analyzed for HNF1 by a mobility-shift assay (see below). The HNF1-containing fractions were pooled (volume, 30-40 ml; 200-300 mg), dialyzed against buffer C100, and chromatographed on an affinity column. The column was prepared using CNBr-activated Sepharose CL-4B and multimers of the -102-to -75-bp sequence of rat fibrinogen (3chain promoter (20) . A coupling of -25 ,ug of DNA per ml of resin was achieved. Aliquots of 125 mg of heparin-Sepharose-purified HNF1 were incubated 10 min at 4°C with poly(dI-dC) (10 ,ug/ml) and then loaded on a 5-ml affinity column previously equilibrated with buffer C100. The column was washed extensively with buffer C100 and eluted sucessively with 20 ml of 0.2, 0.4, 0.6, 0.8, and 1 M KCl in buffer C (buffer C100 without KCl). Fractions containing HNF1 (0.4 M KCl) were diluted to 0.1 M KCl, incubated at 4°C for 10 min with poly(dI-dC) (2 ,ug/ml), and reapplied to the same affinity column. Elution of HNF1 from the column was done as described for the first pass. Analysis of protein was conducted according to Laemmli (21) with use of a silver-staining kit (Bio-Rad).
Denaturation-Renaturation of HNF1. The protocol described by Hager and Burgess (22) Mobility-Shift Assay and DNase I Footprinting. These two techniques were conducted as described (8) . When affinitypurified fractions were analyzed, 10 jug or 25 pg of bovine serum albumin were added as protein carrier for the mobilityshift assay and the DNase footprinting, respectively. The DNase footprinting probes were prepared as follows: The base-pair sequence from position -177-to + 32 of the rat promoter of the gene for the a chain of fibrinogen, inserted into a chloramphenicol acetyltransferase-derived vector (JYM-CAT) between Sph I and HindIII (8) , was labeled at the HindIII site. The sequence -291 to +1 of the rat /-fibrinogen promoter, inserted into JYM-CAT plasmid between Sph I and HindIII (8) , was also labeled at the HindIII site. The Dde I fragment from -117 to + 6 of the mouse a1-antitrypsin promoter, inserted into the BamHI site of pGEM-1, was labeled using the Xba I site in pGEM-1. This corresponds to the labeling of the coding strand of the a1-antitrypsin promoter. A Xba I (-430) to BstEII (+48) fragment derived from the rat albumin gene was labeled at BstEII. A BamHI (-202) to Xba I (-70) fragment derived from the mouse transthyretin gene was labeled at Xba I. A Ssp I (-133) to BstEII (+ 11) fragment derived from the preSi promoter (23) Fig. 1A , a labeled band corresponding to a molecular mass of '110 kDa was detected (lane 1). In the presence of a large excess of unlabeled 28-mer this band disappeared, demonstrating that it represented the specific interaction between HNF1 and the probe (Fig. la, lane 2) . In contrast, a smear covering the 40-to 60-kDa region was not competed with and most likely represented nonspecific interactions. A similar experiment was conducted with a nuclear extract derived from a rat liver, and the same 100-kDa protein was detected (Fig. lb, lanes 1  and 2) . When this extract was chromatographed through a heparin-Sepharose column (see below) and a fraction containing HNF1 was mixed with the probe, only the 110 kDa band was seen, further demonstrating that the 40-60 kDa smear corresponded to nuclear protein interacting nonspecifically with the probe (Fig. lb, lane 3) .
Purification of HNF1. The purification of HNF1 was accomplished through two chromatographic steps. First, proteins of a crude extract from rat liver were loaded on a heparin-Sepharose column and eluted with a linear KCl gradient. To determine the fractions containing the factor HNF1 a mobility-shift assay was used with a 28-bp doublestranded probe (13 28) containing the HNF1-binding site ofthe rat gene encoding the /3 chain of fibrinogen. HNF1 activity was detected in fractions eluting between 0.35 and 0.4 M KCl (Fig. 2a) . At this step an 8-to 10-fold purification was achieved, and the amount of protein recovered allowed us to use directly an affinity-chromatography procedure as a second step. This chromatography was conducted essentially according to Kadonaga and Tjian (20) . The column was prepared by covalent coupling of multimers of 8 28 to a CNBr-activated Sepharose CL-4B resin. The use of poly-(dI1dC) as competitor for nonspecific interactions allowed purification to near homogeneity after two passes. As shown in Fig. 2b , the protein eluted from the affinity column with 0.4 M KC1, whereas most of the loaded protein (Fig. 2c, lane 1 ) appeared in the flow-through (data not shown).
The 0.4 M KCl fraction was analyzed on a denaturing SDS/acrylamide gel after silver straining (Fig. 2c, lane 3) . A major band migrating at -88 kDa and two minor ones migrating at 55 and 45 kDa were seen in the preparation represented; another preparation gave us only the 88-kDa species (data not shown). The nature of the weaker bands at 55 and 45 kDa remained to be determined, but we had noticed in various preparations that a proteolytic degradation of HNF1 generated a lower-molecular mass form of -45 kDa, still retaining its binding activity (data not shown).
To definitely identify the protein in the purified HNF1 preparation, we carried out a denaturation-renaturation experiment (22) . The proteins migrating around and between 90, 55, and 45 kDa were eluted from an SDS/acrylamide gel, precipitated with acetone, fully denatured with 6 M guanidine hydrochloride, and allowed to renature after removing the guanidine hydrochloride with dialysis. As shown in Fig. 2d (Fig. 3) . The synthetic oligomer (328, derived from the promoter for 3-chain fibrinogen, had been used for HNF1 purification (see above), but we had previously shown that (Fig. 3) . The protected region extends from 62 to 87 bp upstream of the cap site for the pre-Sl mRNA.
DISCUSSION
We purified the liver-specific factor HNF1 to near homogeneity with the protocol recently described by Kadonaga and Tjian (20) . The remarkable efficiency of this procedure is illustrated by the fact that after only one pass a pattern of protein similar to the one represented on Fig. 2d was already seen, suggesting an important degree of purification (data not shown). Considering that the three bands obtained after the second affinity pass correspond to HNF1 (see below), we estimate the overall purification of HNF1 from total nuclear proteins to be 85,000 fold.
The purified HNF1 preparation revealed a major band of88 kDa and in some preparations two additional bands at 55 and 45 kDa (Fig. 2c) . A similar major band (92 kDa) was seen using nonreduced samples (data not shown). The definitive demonstration that the 88-kDa polypeptide contained the binding activity of HNF1 and that the 55-and 45-kDa polypeptides likely represented degradation products of the same protein came from a denaturation-renaturation experiment, which indicated that in each case a binding activity specific for the probe 28 was recovered. Because a similar mobility shift was seen in a crude extract and after renaturation of the 88-kDa polypeptide (data not shown), we assume that HNF1 is composed of only a single type of chain, but at this point we cannot exclude that it interacts with its binding site as a noncovalently linked homodimer (see below).
Because we have not yet developed an assay to measure in vitro the activity of HNF1, we are unable to determine whether our purified HNF1 preparations still have an effect on fibrinogen p-chain transcription or whether we have purified only the binding subunit of HNF1. If our preparation is active, it will be interesting to determine, for instance, whether HNF1 can restore transcription activity to the promoter for fibrinogen pB chain in a nonhepatic extract. Such an effect has been seen with a pituitary-specific factor for the human growth hormone gene in a HeLa extract (25) .
Purified HNF1 protein appears to interact with many hepatic gene promoters. Nevertheless, the definitive demonstration that exactly the same protein functionally interacts with all these promoters in vivo remains to be established. Preliminary experiments using probes containing the afibrinogen, a1-antitrypsin, and albumin putative HNF1 site, in a mobility-shift assay, allowed the detection in each case of a liver-specific band that comigrated with the factor HNF1 (data not shown).
In almost every case where functional data are available, the HNFl-binding site is localized in an essential promoter region. We have already shown that the fibrinogen a and p-chain HNF1 sites appear necessary for promoter activity for those genes in hepatoma cell lines (8) . Recently De Simone et al. (10) reported that clustered point mutations in the human a1-antitrypsin promoter between positions -68 
Fibrinogen f3 chain
a1-Antitrypsin* Proc. Natl. Acad Sci. USA 85 (1988) and -64 or between -77 and -72 drastically affects the transcription of this gene. The albumin-binding site also appears to participate in transcription of the albumin gene (M. Yaniv, personal communication). Similarly a 5'-deletion analysis ofthe mouse a-fetoprotein gene has revealed that the region between residues -85 and -52, which destroys the proximal HNF1 binding site (see Fig. 3 ), results in a large drop of transcriptional activity (13) . In contrast, removal of the distal site does not appear to significantly affect transcription of the a-fetoprotein gene. It is noteworthy that the affinity of HNF1 for the proximal site is fairly low compared with the other sites tested (see the legend for Fig. 3 ). This fact could support the observation of Jones et al. (26) for the binding of CTF/nuclear factor 1 to the f3globin promoter, which suggests that the localization and the context of a site, and not only its intrinsic affinity, might also be important parameters for its role in transcription. Functional information is limited for the promoter region of the transthyretin gene. Costa et al. (11) have demonstrated that the region from bp -151 to -108, which contains the HNFl-binding site (Fig. 3) , is involved in the tissue-specific expression of this gene, but a more precise analysis is necessary. Finally, no functional information is available concerning the HNF1 site in the hepatitis B virus pre-Sl promoter. Nevertheless, its position, -55 bp upstream of a TATA box, strongly suggests that it might be involved in the transcription of the surfaceantigen gene.
A compilation of the DNA sequences protected with HNF1 reveals a common structural motif (Table 1) . Moreover, examination of these sequences in different species reveals that they are generally extremely conserved, suggesting their physiologic importance. We propose as a consensus site for HNF1 the sequence GTTAATNATTAAC (where N = A, C, T, G, or no nucleotide). This site contains an inverted repeat, indicating that HNF1 might bind as a homodimer generated by the noncovalent association of two 88-kDa polypeptide chains. A quick survey of other liver-specific genes suggests that an HNF1-binding site may exist in several of them, such as factor VIic (27), C-reactive protein (28), L-type pyruvate kinase (29) and play a role in their transcription.
The discovery that HNF1 interacts with many hepatic genes supports the hypothesis that tissue-specific expression of families of genes is achieved through the use of a limited number of DNA-binding proteins. An obvious advantage of this system would be the control of many genes solely by action on their common regulator(s). HNF1 could be one of these regulators in the differentiated hepatocyte. In support of such an idea, is our recent observation of a striking correlation between the presence of HNF1 and the differentiation state of the hepatocyte (30) . Upon dedifferentiation, HNF1 disappears and is replaced by a protein of lower molecular mass with very similar sequence specificity; the relationship of this smaller protein to HNF1 remains to be elucidated. In contrast, a revertant cell line that has recovered hepatic functions contains a factor apparently identical to HNF1. Uncovering the functional role of HNF1 and its behavior during the differentiation process will, nevertheless, necessitate the cloning of this protein. Its purification, described in this report, represents a first step in this direction.
